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Abstract  
The thermo-physical properties of expanded perlite-fumed silica composites were 
experimentally investigated as an alternative lower cost material for vacuum insulation panel 
(VIP) core using expanded perlite as a cheaper substitute of fumed silica. Pore size analysis 
was carried out using nitrogen sorption technique, Mercury Intrusion Porosimetry and 
Transmission Electron Microscopy and average pore size was estimated to be in the range of 
50 - 150 nm. VIP core board samples measuring 100 mm×100 mm and consisting of varying 
proportions of expanded perlite, fumed silica, silicon carbide and polyester fibre in the 
composite were prepared. The centre of panel thermal conductivity of the core board 
containing expanded perlite mass proportion of 60% was measured as 53 mWm-1K-1 at 
atmospheric pressure and 28 mWm-1K-1 when expanded perlite content was reduced to 30%. 
The centre of panel thermal conductivity with 30% expanded perlite content was measured as 
7.6 mWm-1K-1 at 0.5 mbar pressure. Radiative conductivity of the composite with expanded 
perlite mass of 30% was measured to be 0.3 - 1 mWm-1K-1 at 300 K and gaseous thermal 
conductivity 0.016 mWm-1K-1 at 1 mbar, a reduction of 8.3 mWm-1K-1  from the value of 
gaseous thermal conductivity at 1 atm pressure. Opacifying properties of expanded perlite 
were quantified and are reported. A VIP core cost reduction potential of 20% was calculated 
through the use of expanded perlite in VIP core.  
Keywords: Vacuum Insulation Panel; Expanded perlite; Fumed silica; Pore size 
distribution; Thermal conductivity; Radiative conductivity 
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1. Introduction 
Energy use in buildings accounts for approximately around half of the UK’s total energy 
consumption and is responsible for almost 50% of the UK’s total Carbon dioxide (CO2) 
emissions [1]. Use of high thermal resistance insulation in buildings is critical to save the 
substantial amounts of space heating energy lost through the building fabric. Vacuum 
Insulation Panel (VIP) with a high thermal resistance (centre of panel thermal conductivity 
0.004 Wm-1K-1 and overall thermal conductivity of 0.008 Wm-1K-1) is an energy efficient 
alternative to conventional building insulation. It has a huge potential to help in reducing the 
carbon foot prints of buildings and in conforming to stringent energy standards such as 
Building Regulations (2010) [2], Code for sustainable Homes (2006) [3], Passivhaus (1991) 
[4] and Minergie-P® (2012) [5], while using minimal existing space. VIPs are produced as a 
rigid panel comprising inner core board laminated in an outer high barrier envelope under 
evacuated conditions (less than 3mbar). Heat transfer across VIPs occurs mainly by solid 
conduction, gaseous conduction and radiation. Gaseous conduction is suppressed by creating 
vacuum in nano/micro porous core material, solid conduction by using low density material 
and radiative heat transfer by using opacifiers [6,7]. The VIP core is fabricated as rigid board 
from materials such as open porous foams, powders and fibres. Currently, Fumed Silica (FS) 
is widely used as the core of VIPs for longer service life required for building applications 
[8,9]. It is relatively expensive and a major contributing factor to the current high cost of 
VIPs. The cost of VIPs must be reduced to encourage their widespread application in the built 
environment. Cost reduction can be achieved by replacing or reducing the proportion of FS 
with low cost alternative materials. Mukhopadhyaya et al. [9] reported the use of powder 
fibre composite of mineral oxide fibre/ high density glass fibre and pumice powder 
composites as low cost alternative core material for VIPs.  Expanded Perlite (EP) is another 
potential candidate as a more economically viable material for incorporation in core of a VIP 
in the form of composite with FS [10]. Perlite is a low cost glassy amorphous mineral rock 
and can be expanded on heating at temperature of 760 – 1100 °C [11]. It has been used for 
different construction applications such as lightweight cement aggregate, insulation and 
ceiling tiles [12] due to its low density (35-120 kgm-3), porous nature, low thermal 
conductivity, ease of handling and non-flammability [13]. However, the thermal resistance of 
EP is rather limited; its thermal conductivity is between 0.045-0.070 Wm-1K-1 at 300K [14]. 
Due to its porous nature it is well suited for use under vacuum conditions [15] and has been 
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used in cryogenic insulation systems at a temperature range of 20 K - 90K [16] and liquid 
hydrogen storage tanks [17]. Fricke et al. [18] showed that at 0.1 mbar pressure, thermal 
conductivity values of EP are comparable to that of micro silica powders. However, pore size 
of EP is relativity large in micrometric range (approximately 3 µm) [19] and requires a high 
level of vacuum (0.01 mbar) to limit its gaseous thermal conductivity. Larger pores of EP can 
be partly filled by aggregates of FS powder (mean aggregate size 0.2-0.3 µm), thus limiting 
the gaseous conductivity under vacuum conditions. Several studies investigating the use of 
FS in VIP cores have been reported, but there is no study reporting the use of EP for VIP core 
to date. 
The aim of the present study is to develop and experimentally characterise a lower cost 
composite of EP, FS, opacifier silicon carbide (SiC) and reinforcing polyester fibres (PF) to 
evaluate its viability as a VIP core. Based on the commercial prices obtained from [20] and 
[21], it has been found that EP is approximately 12 times cheaper than FS, making it an 
attractive substitute for expensive FS. In order to achieve a minimal thermal conductivity of a 
VIP at minimum cost, the mass proportions of FS, EP, SiC and PF must be optimised in the 
composite. For this purpose composites with variable mass ratios of these constituents were 
prepared and their porosity, pore size distribution, and densities were measured. Gaseous 
thermal conductivity at different vacuum levels was estimated from the pore size data 
measured and verified using Nitrogen (N2) Sorption, Mercury Intrusion Porosimetry (MIP) 
and Transmission Electron Microscopy (TEM). Centre of panel thermal conductivity of core 
boards (100 mm × 100 mm) made of composite samples at atmospheric pressure was 
measured by using a small guarded hot plate device with an accuracy of ±2 mWm-1K-1 and 
radiative conductivity of composite samples was measured using Fourier Transform Infrared 
(FT-IR). The effects of addition of EP in VIP core composite on thermal conductivity, 
density, porosity, and radiative conductivity have been measured and discussed. 
2. Preparation of composites 
FS powder, SupaSilTM BIL-FS200-10S, sourced from Baltimore Innovations Ltd. [23] and 
EP powder sourced from Silvaperl Ltd. [22] were used as the main core material. EP used 
was an aluminium silicate with its composition detailed in table 1. Its particle size ranged 
between 10-750 µm with a free moisture content of 0.5%, specific heat of 837 J kg-1K-1, 
thermal conductivity of 0.05 Wm-1 K-1 and density of 180-200 kgm-3 as specified by the 
supplier. Brunauer, Emmett and Teller (BET) specific surface area of FS powder was 200 ± 
25 m2g-1as specified by the supplier. Polyester fibres (PF) with diameter of 12 µm, length of 
1.6 mm and melting point > 230 ºC were mixed into FS and EP powder matrix to increase 
mechanical strength of the core board. SiC with a mean particle size of 0.1-1 µm was used as 
an opacifier to reduce the radiative heat transfer by inducing a low infrared transmittance. A 
range of composite samples were prepared by mechanically mixing FS, EP, SiC and PF 
together in different mass ratios at low speed (~1200 rpm) to avoid the breaking up of fibres 
in a 4 bladed conventional mixer for 5 minutes. Table 2 shows the different composite 
samples prepared with respective proportions of different constituents. VIP core boards of 
different composite samples detailed in table 2 were prepared. Powder samples were 
uniaxially compacted in a square cross - section die at an applied pressure of 1.3 MPa at room 
temperature to make VIP core boards of size 100 mm×100 mm×12±1 mm (sample 1, 2, 4 and 
5) and 100 mm×100 mm×15±1 mm (sample 3).  
The morphology of the composites was characterised by using TEM. TEM image in figure 1 
clearly shows the submicron-sized particles of FS powder fused into short chains arranged in 
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pseudo circular shape forming nanometre size pores. These pores appear to be random in 
shape and size ranging from approximately 50 - 150 nm. The size of these pores is in the 
same order as the mean free path of free air (70 nm), which helps in reducing the gaseous 
thermal conductivity.  
3. Pore size measurement 
Porosity, pore volume, pore size distribution and surface area was measured using MIP and 
N2 sorption and TEM. Four representative composite samples 1,3,5 and 6, detailed in table 2, 
were selected for MIP measurements and samples 1 and 3 for N2 sorption to cover the widest 
range of the composition of EP ranging from 0% (sample 1) to 60% (sample 5) employed in 
this study using Micromeritics Autopore IV mercury porosimeter. MIP was performed over a 
pressure range of 0 - 413.6 MPa and total intrusion volume was measured over this range, 
figures 2 and 3. The surface tension of 0.48 Nm-1 and a contact angle of 140º were used for 
mercury. Total pore volume was calculated by software package Autopore IV 9500 V 1.09 by 
subtracting intrusion volume at maximum pressure from intrusion volume at zero pressure. 
MIP technique is limited by the concomitant compression of material due to pressure applied 
for intrusion of mercury into pores. Still Simmler et al. [23] have reported the use of MIP for 
similar materials for VIP applications.  
  
Sample porosity, defined as the ratio of the volume of voids plus the volume of open pores to 
the total volume occupied by the powder, was calculated from bulk volume and pore volume 
using equation (1). 
 
𝑃𝑃 (%) = (𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵⁄ ) × 100  (1) 
where 𝑃𝑃  is the  porosity (%) ,𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 the volume of pores (cm3g-1) and 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 the sample bulk 
volume (cm3g-1). 
 
For sample 1, 3 and 5 sample porosity was calculated to be 90%, 83% and 83% respectively 
using equation (1) as shown in table 3. This showed that with the addition of EP content in 
the composite the porosity decreased, for example sample 5 with EP mass ratio of 60% had 
porosity 7% lower than that of sample 1 which had no EP at all. The Bulk density of the 
composite was found to increase with an increased proportion of EP in the matrix as shown in 
table 3, the bulk density increased from 167 to 220 kgm-3 as the EP mass content increased 
from 30% to 60% between sample 3 and 5.  
 
The density range of the core composites detailed in table 3 falls well within the range of 150 
- 220 kgm-3 reported by Simmler et al. [23]. It can be seen in figure 2 that sample 3 with EP 
mass ratio of 30% was found to have approximately 38% pore volume occupied by pores 
with diameter of >100µm, sample 1 approximately 22% and sample 5 approximately 18%.  
 
A shift of approximately 20% in pore volume from >100 µm to <100 µm was observed in the 
sample 5 compared to the sample 3. This was due to an apparent migration of nanometric size 
FS particles into the larger pores of EP resulting in increasing the proportion of pore size 
<100 µm. MIP based pore size distribution shows that sample 3 had approximately 33% of 
pore volume occupied by submicron pores (<1 µm) while sample 5 had 18%. This behaviour 
is expected to result from the availability of high number of FS particles to migrate into the 
large diameter pores of EP leading to a higher proportion of submicron size pores in sample 
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3. Sample 5 despite of having lesser pore volume occupied by pores of size >100 µm and 
submicron pores is expected to have a higher solid conductivity due to the high content of EP 
when compared to sample 3. Clearly, sample 3 is a better composite with respect to pore size 
distribution, 33% of pore volume occupied by submicron pores (less than 1 µm), and a lower 
solid conductivity due to a lower content of EP. To evaluate the effect of PF on the composite 
porosity and density, sample 6 with no PF content was prepared with FS, EP and SiC in the 
mass proportions of respectively 58%, 30% and 12%.  
Measured pore size data for sample 6 was compared to that of the sample 3 as shown in 
figure 3. It is clear that the addition of fibres for increasing the mechanical strength of core 
for manufacturing purpose had negligible effect on pore size distribution in submicron range 
and a shift of less than 2.5 % from submicron to micron size was observed. The composite 
bulk density was still well within the range of 160-180 kgm-3. However, a significantly lower 
pore volume distribution in the range of equal to or greater than 100 µm was measured for 
sample 6 indicating simultaneous fibre-fibre and fibre-powder particles interactions which 
resulted into a higher number of pores sized >100 µm. TEM observations (figure 1) clearly 
showed the presence of submicron and nanometre size pores in all samples whose presence 
was separately confirmed by MIP and N2 sorption. However, MIP technique, that covers the 
whole range of mesopores (2-50 nm) and macropores (> 50 nm), when employed for fine 
silica powders has a drawback in possible deformation of powder particles caused by the high 
pressures involved. To verify the pore size data obtained from MIP technique samples 1 and 
3 were further tested using N2 sorption. The nitrogen adsorption measurements were 
performed at 77 K. Prior to N2 sorption, both samples were degassed at 250 °C for 24 hours. 
The pressure programme comprised 21 adsorption and 17 desorption points measured at 
equilibrium with a maximum relative pressure of 0.999. The total pore volume, pore radius 
and surface area given in table 4 were calculated using BJH method. Isotherms for both 
samples as shown in figures 4 and 5 indicate that the pore size distribution continues in 
macropores region (> 50 nm), but the bigger pores could not be resolved by N2 sorption. This 
development is also supported by the evolution of the pore size distribution that is indicated 
by MIP and TEM. This also suggests that the average pore size of these samples was > 50 nm 
and ranges between 50 - 150 nm. Further, it is argued that the effect of average pore size 
values in the range of 50-150 nm have a negligible effect on gaseous conductivity for VIP 
core at vacuum pressure of 0.1 mbar to 10 mbar. That means one can adopt any pore size 
between this range without affecting the gaseous conductivity values for VIP under vacuum. 
This behaviour is illustrated in section 8.  
4. Thermal conductivity measurement  
Centre of panel thermal conductivity (𝜆𝜆𝑐𝑐𝑝𝑝𝑝𝑝) of a VIP core is a summation of the solid 
conductivity, gaseous conductivity and radiative conductivity and can be expressed using 
equation (2) [24]. 
𝜆𝜆𝑐𝑐𝑝𝑝𝑝𝑝 = 𝜆𝜆𝑆𝑆  + 𝜆𝜆𝑅𝑅 + 𝜆𝜆𝐺𝐺 + 𝜆𝜆𝑐𝑐𝑝𝑝𝐵𝐵𝑝𝑝  (2) 
 
where 𝜆𝜆𝑆𝑆 is the solid thermal conductivity , 𝜆𝜆𝑅𝑅 the radiative thermal conductivity and 𝜆𝜆𝐺𝐺 the 
gaseous conductivity. Here  𝜆𝜆𝑐𝑐𝑝𝑝𝐵𝐵𝑝𝑝 is the thermal conductivity caused by a complex 
interaction between gas and solid particles of EP and PF in the composite. This term, 𝜆𝜆𝑐𝑐𝑝𝑝𝐵𝐵𝑝𝑝 , 
rises exponentially at higher pressures. However, at low pressure this term can be negligible. 
Solid conduction takes place through the structure of core material where heat is transmitted 
through the physical contact of particles of core material. Solid conductivity is the material 
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property and its value depends upon material structure, density and external pressure on the 
core. Materials with low density are preferred for achieving low solid conduction. Thermal 
conductivity in VIP core can be lowered by restricting the gaseous and radiative 
conductivities. Thermal conductivities of core boards of samples 1,2,3,4 and 5 were measured 
by a small guarded hot plate apparatus at Swiss Federal Laboratories for Materials Testing 
(Empa) designed for small samples of low thermal conductivity values. Thermal conductivity 
was measured over an area of 25 mm × 25 mm at a mean sample temperature of 21 ºC with 
the cold and warm sides held at 12 ºC and 30 ºC respectively. The measuring zone was 
`located on the warm upper side of the samples under measurement.  
5. Influence of expanded perlite on total thermal conductivity  
Experimentally measured value of thermal conductivity and the density of core board 
samples are shown in figures 6 and 7. Sample 1 containing FS mass ratio of 80% had the 
lowest thermal conductivity of 24 mWm-1K-1 and with increasing mass ratio of EP from 0% 
to 60% the thermal conductivity of the composites increased from 24 to 53 mWm-1K-1. An 
increase in EP mass ratio from 40% to 60% in the samples led to a rise in thermal 
conductivity from 38 to 53 mWm-1K-1 respectively. However, the measurements indicated 
that the addition of EP up to mass ratio of 30% led to a very small increase in thermal 
conductivity of 4 mWm-1K-1 compared to FS board of sample 1. Rate of thermal conductivity 
rise was measured to be minimal for EP mass ratio ranging from 0% to 30%, with a 
significant rise recorded when EP mass ratio was increased beyond this threshold value of 
30%. Density and thermal conductivity of compacted board made of sample 3 was measured 
to be 332 kgm-3and 28 mWm-1K-1 respectively. Thermal conductivity value was higher by 
approximately 17% compared to board made of sample 1. Commercially available pyrogenic 
silica cores as described in the IEA Annexure 39 [23] were reported to have thermal 
conductivity of 19.1 - 20.8 mWm-1K-1 and bulk density of 162-192 kgm-3. Clearly, the 
presence of EP in the composite causes thermal conductivity and density to rise as shown in 
figure 7, but a cost reduction potential is foreseen by displacing FS with comparatively 
cheaper EP. 
VIP core cost reduction potential was estimated using equation (3) and the prices for the 
materials specified in table 5. 
𝐶𝐶𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐶𝐶𝐹𝐹𝑆𝑆 × 𝑚𝑚𝐹𝐹𝑆𝑆 + 𝐶𝐶𝐸𝐸𝐸𝐸 × 𝑚𝑚𝐸𝐸𝐸𝐸 + 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐸𝐸𝐹𝐹 × 𝑚𝑚𝐸𝐸𝐹𝐹  (3) 
 
where 
 𝐶𝐶𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝 is the cost of core, 
 𝐶𝐶𝐹𝐹𝑆𝑆, 𝐶𝐶𝐸𝐸𝐸𝐸,𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆  and 𝐶𝐶𝐸𝐸𝐹𝐹 are the costs of FS, EP, SiC and PF per unit mass respectively 
 𝑚𝑚𝐹𝐹𝑆𝑆, 𝑚𝑚𝐸𝐸𝐸𝐸, 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆 and 𝑚𝑚𝐸𝐸𝐹𝐹 are the masses of FS, EP, SiC and PF respectively 
 
 In figure 8 costs of VIP core for samples 1-5 has been compared with increasing EP content 
or decreasing FS content; a decreasing FS content reduced the cost. The cost of sample 1 was 
calculated to be highest (£ 9.30 m-2) due to the presence of the highest (80 mass%) FS of all 
the samples studied.  For the sample 3, with extra 3 mm thickness compared to other samples, 
cost was £8.7 m-2; however, when assumed the thickness of sample 3 to be same as that of 
other samples the cost reduction potential of up to 20% for the sample 3 was calculated. For 
sample 5 with 60 mass% of EP the cost reduction potential of 54% can be achieved, but the 
resulting thermal conductivity became approximately twice as high as compared to that of the 
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sample 3. Sample 3 was selected for further investigation into thermal conductivity variation 
over a range of pressures and the results are presented in section 8. 
6. Effect of opacifier (SiC) on radiative conductivity 
Fumed silica, owing to its very small particle size and low bulk density has a low solid 
conduction, but suffers from a lower resistance to radiative heat transfer [25]. Caps and 
Fricke [8] reported that at room temperature thermal conductivity of pure silica is higher by 
0.002-0.003 Wm-1K-1 than that of SiC opacified precipitated silica. Nonetheless, caution has 
to be exercised when using opacifiers as these typically have high solid thermal conductivity 
which means higher content of opacifier will lead to a higher solid thermal conductivity 
offsetting any benefit it provides by reducing the radiative conductivity; On the other hand, 
an insufficient amount of opacifier in a VIP core will lead to a higher radiative conductivity. 
Hence, an optimum mass proportion of a given opacifier needs to be identified to achieve a 
minimum radiative conductivity in VIP cores. The effect of opacifier on radiative heat 
transfer is described by the specific extinction (𝑒𝑒∗), which can be calculated from the 
transmission spectrum in the wavelength range of interest.  In the present study a range of 
EP-FS composites, see table 1, containing varying mass proportions of SiC were prepared to 
evaluate the effect of varying amounts of SiC on radiative conductivity (𝜆𝜆𝑅𝑅).  
The transmission spectrum, an average of 100 scans, of each sample was acquired using FT-
IR spectroscopy equipment (Perkin Elmer Spectrum One). For this purpose, all samples were 
scanned at room temperature of 22-24 ºC. It was very difficult to obtain an optically thin film 
from the pure powders, therefore all samples were prepared after mixing with potassium 
bromide (KBr) and then pressed into pellets. Specific extinction,𝑒𝑒∗, was calculated using 
equation (4) [26].  
 
𝑒𝑒∗ = − ln( 𝜏𝜏) 𝐿𝐿 ×⁄ 𝜌𝜌 (4) 
 
where 𝜏𝜏 is the transmission (%), 𝐿𝐿 the equivalent thickness (m), 𝜌𝜌 the density of monolithic 
sample (kgm-3) 
 
The equivalent thickness (L) of sample in pellet corresponding to monolithic sample was 
calculated using equation (5) [27] 
𝐿𝐿 =  (𝑀𝑀 × 𝑚𝑚𝑝𝑝) (𝐴𝐴 × 𝜌𝜌)⁄   (5) 
where 𝑀𝑀 is mass of KBr pellet (kg), 𝑚𝑚𝑝𝑝 the % mass of sample in pellet (%) and 𝐴𝐴 section 
area of pellet (m2),  
 
The specific extinction measured for samples with increasing SiC content in the composite is 
shown in figure 9. It can be seen that with increasing SiC mass ratio from 5% to 15% specific 
extinction values improved by factor of two. For example, sample 7 with 5% SiC  had a 
specific extinction of 37 m2kg-1in the wavelength range of 4.5 to 5.5 µm compared to the 
values of 55 m2kg-1 and 77 m2kg-1 respectively for samples 8 and 9 for the same range of 
wavelength. The specific extinction value of 55 m2kg-1 measured for sample 8 in the present 
study matches with that of reported by Feng et al. [28] for a sample of FS powder containing 
8 
 
25% SiC. This suggests that the presence of EP enhanced the specific extinction values of the 
core composite in the present study. Thus, in sample 8 a 10% mass ratio of SiC was sufficient 
to achieve a similar specific extinction due to the presence of EP. The effect of addition of EP 
in samples on radiative conductivity is further discussed in section 8. The radiative 
conductivities of VIP core samples with EP and SiC providing opacifying properties was 
calculated using equation (6) [25]. 
   
𝜆𝜆𝑅𝑅 = (16𝑛𝑛2𝜎𝜎𝑇𝑇3)/(3𝐸𝐸(𝑇𝑇))   (6) 
where 𝑛𝑛  is the refractive index,  𝜎𝜎 the Stefan-Boltzmann constant (5.67 × 10-8 Wm-2K-4), T 
the medium local temperature (K) and 𝐸𝐸 the extinction coefficient, which was calculated 
using equation (7) [24] . 
 
𝐸𝐸 = 𝑒𝑒∗ × 𝜌𝜌  (7) 
 
Radiative conductivity calculated using equation (6) for temperature 300K and the specific 
extinction values obtained using equation (4) over the wavelength range 2.5 - 7.5µm is shown 
in figure 10. Of samples 7,8,9 sample 9 (SiC 15%) exhibited the lowest radiative conductivity 
range of 0.0003 Wm-1K-1 to 0.0010 Wm-1K-1. Sample 8 (SiC 10%) yielded a range of 0.0004 
Wm-1K-1 to 0.0014 Wm-1K-1. 
7. Effect of Expanded Perlite (EP) on radiative conductivity 
The results explained in section 6 clearly indicate that EP acted as an opacifier in the EP-FS 
composite, hence a lower proportion of SiC in the composite was required to achieve similar 
or better specific extinction as published by other researchers such as Feng et al. [28]. The 
effect of EP on the specific extinction and radiative conductivity is shown in figures 11 and 
12.By comparing the measured specific extinction and radiative conductivity values for 
samples with different mass ratios of FS, EP, SiC and PF, it was observed that an increasing 
mass ratio of EP increased the specific extinction and reduced radiative conductivity. The 
values of specific extinction and radiative conductivity for wavelengths between 4 and 6 µm 
for samples 1 and 2 with mass ratio of EP in the range of 0 and 20% was found to be between 
30-40 m2kg-1 and 0.002-0.0025 Wm-1K-1 respectively. With increased mass ratios of 30%, 
40% and 60% of EP in samples 3, 4 and 5 respectively, specific extinction increased to 50-60 
m2kg-1 and radiative conductivity decreased to 0.0010-0.0012 Wm-1K-1. This decrease in 
radiative conductivity can be attributed to the presence of EP with a coarser (10-750 µm) 
particle size and a higher density compared to FS in the composite. A similar effect was 
observed by Hümmer et al. [29] for composites containing silica aerogels and carbon soot. 
Samples 9 and 10 had a slightly higher SiC content of 15% compared to 12% of samples 1 - 
5. Radiative conductivity of samples 9 and 10 with EP mass ratios of 30% and 20% 
respectively is shown in figure 13. Clearly the presence of extra 10% of EP in sample 9 led to 
decrease of 47% in radiative conductivity, from 0.0021 to 0.0011 Wm-1K-1. However, a 
decrease in radiative conductivity achieved through further addition of EP will not be able to 
compensate the increase in the solid thermal conductivity, EP and SiC have higher solid 
conductivities which will cause a higher centre of panel thermal conductivity for a VIP core. 
To evaluate the opacifying effect of EP, raditive conductivity of sample 3 with 12% SiC has 
been compared with those for samples 11 and 12 which contained no SiC and the results are 
shown in figure 14. It is shown that sample 12 with 0% SiC and 46% EP had a lower 
radiative conductivity (0.00044 – 0.00085 Wm-1K-1) compared to that of sample 3 (0.0088-
0.0011 Wm-1K-1) for wavelengths ranging between 3.5 µm and 6 µm.  
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Based on this study, a composite containing mass ratio of 30% of EP and 10% to 15% of SiC 
has been identified as an optimum core material for VIPs. Nevertheless, to realise a lower 
density core composite it will be pertinent to use a greater quantity of EP as an opacifier than 
SiC due to the low density of former (35-120 kgm-3) compared to that of the later (3200 kgm-
3).   
8. Effect of pore size on gaseous thermal conductivity  
Heat transfer occurs by convection and conduction processes in gases. Its intensity depends 
on the ratio of mean free path of gas molecules and the pore size of the material i.e., Knudsen 
Number. The gaseous thermal conductivity (𝜆𝜆G) of samples 1, 3 and 5, using the average 
pore diameter data presented in table 1 at different pressure level was calculated using 
equation (8) [30]. The results are shown in figure 15.  
 
𝜆𝜆G = 𝜆𝜆0/(1 + (0.032 PФ⁄ ))  (8) 
 
where (𝜆𝜆0) is the thermal conductivity of air at atmospheric pressure (Wm-1K-1) at 25 °C, P 
the pressure (Pa) and Ф the pore width of the porous insulation material (m) 
 
It is shown that gaseous thermal conductivity for all three samples at gas pressures below 10 
mbar is negligible. However, in real life the inner gas pressure in VIPs will rise due to 
permeation through envelope surface, sealing flanges and outgassing of core material. This 
rise in gas pressure increases the gaseous thermal conductivity. For the samples considered, 
at 10 mbar the gaseous thermal conductivity was calculated to be 0.1 mWm-1K-1 (figure 15). 
Of the three samples, sample 3 was calculated to have minimal rise in gaseous thermal 
conductivity to a value of 1 mWm-1K-1 when the pressure was raised from 10 mbar to 100 
mbar. Further, the gaseous thermal conductivity for sample 3 at the atmospheric pressure was 
calculated to be 8.3 mWm-1K-1. This gaseous thermal conductivity for sample 3 at 
atmospheric pressure was lower than 18.9 mWm-1K-1 measured by Caps et al. [31]. The 
combined thermal conductivity, 𝜆𝜆𝑆𝑆, the sum of λS  and 𝜆𝜆𝑐𝑐𝑝𝑝𝐵𝐵𝑝𝑝 , of sample 1, 3 and 5 was 
calculated by using equation (9)  
𝜆𝜆𝑆𝑆 = 𝜆𝜆𝑐𝑐𝑝𝑝𝑝𝑝 − (𝜆𝜆𝑅𝑅 + 𝜆𝜆𝐺𝐺)  (9) 
For sample 1, 3 and 5 the values of 𝜆𝜆𝑆𝑆  were 0.0103 Wm-1K-1, 0.0190 Wm-1K-1 and 0.0431 
Wm-1K-1 respectively at a pressure of 1 atm. Centre of panel thermal conductivity of sample 3 
was calculated for a gas pressure of 1 mbar using equation 2 and 8 with the values of 
radiative conductivity measured at 300K shown in figure 16. The centre of panel thermal 
conductivity for the sample 3 is higher than those usually quoted by VIP developers due to a 
higher value of 𝜆𝜆𝑆𝑆 coming from equation (9); under vacuum conditions 𝜆𝜆𝑐𝑐𝑝𝑝𝑝𝑝 is expected to be 
much smaller because of lower values of the coupling term. VIPs are often manufactured 
with a low gas pressure, < 3mbar, maintained in the core. 
Three cores of the composition same as sample 3 were prepared to experimentally measure 
the variation of thermal conductivity at a range of vacuum pressure. Tests were conducted 
using guarded hot plate apparatus for pressures varying from 0.5 mbar to 1 atm and results 
are shown in figure 17. A best fit curve to experimentally measured values is also shown. The 
results shown in figure 17 clearly validate the assertion presented above that under vacuum 
conditions 𝜆𝜆𝑐𝑐𝑝𝑝𝑝𝑝 is much lower than that at atmospheric pressure, the 𝜆𝜆𝑐𝑐𝑝𝑝𝑝𝑝 for EP-FS 
composite at 0.5 mbar is 0.0076 Wm-1K-1. One advantage that the EP-FS composite offers is 
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its lower cost and this can be used to produce alternative core material for VIPs making these 
economically viable.  
9. Conclusions 
An alternative lower cost composite material for core of VIPs consisting of fumed silica, 
expanded perlite, SiC and polyester fibres has been developed and tested for its thermal 
performance. Core boards made of composite sample 3 containing 30% EP and 50% FS 
along with SiC and polyester fibres were found to achieve a centre of panel thermal 
conductivity of 28 mWm-1K-1 at atmospheric pressure and 7.6 mWm-1K-1 at 0.5 mbar. The 
radiative conductivity was measured to be 0.3 - 1 mWm-1K-1 at 300 K with the gaseous 
thermal conductivity at 1 mbar being 0.012 mWm-1K-1- 0.04×10-3 mWm-1K-1for an average 
pore size of 50 -150 nm. This composite is proposed to be used for producing lower cost VIP 
cores. The opacifying properties of expanded perlite were observed and quantified. Expanded 
perlite reduced the radiative conductivity of the composite requiring smaller quantities of 
high density opacifiers such as SiC. Using the current commercial prices for FS, EP, SiC and 
PF, a cost reduction of up to 20% has been predicted for sample 3 against sample 1. The 
effectiveness of expanded perlite-fumed silica composite to replace the currently used pure 
fumed silica for VIP cores has been evidently demonstrated. 
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Figure 1. TEM image of FS and EP composite showing the nanometre size pores 
 
 
 Figure 2. Distribution of cumulative intrusion (%) in samples1, 3 and 5 containing EP 
content of 0%, 30% and 60% respectively 
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 Figure 3. Distribution of cumulative intrusion (%) of samples with and without PF 
 
Figure 4. Nitrogen adsorption and desorption isotherms for sample 1 
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Figure 5. Nitrogen adsorption and desorption isotherms for sample 3 
 
Figure 6. Variations of total thermal conductivity at atmospheric pressure of core boards 
made with different mass ratios of FS and EP composite along with SiC (12%) and PF (8%) 
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Figure 7. Comparison of centre of panel thermal conductivity at atmospheric pressure and 
density of core boards made of samples 1, 2, 3, 4, 5 and commercial pyrogenic silica  
 
Figure 8. Variation of core cost for composite samples 1-5 with different EP mass ratios and 
thermal conductivity at 1 atm pressure  
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Figure 9. Comparison of specific extinction for samples 7 (SiC 5%), 8 (SiC 10%), and 9 (SiC 
15%) over the wavelength range of 2.5µm to 7.5µm 
 
Figure 10. Variation of radiative conductivity at 300K for composite samples 7 (SiC 5%), 8 
(SiC 10%), and 9 (SiC 15%) over the wavelength range of 2.5µm to 7.5µm   
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Figure 11. Specific extinction comparison of samples 1, 2, 3, 4 and 5 
 
Figure 12. Variation of radiative conductivity at 300K for composite samples 1, 2, 3, 4 and 5 
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Figure 13. Comparison of radiative conductivity at 300K of sample 2 and 3 containing EP 
mass ratios of 15% and 9 and 10 containing EP mass ratios of 30% and 20% respectively 
 
Figure 14. Variation of radiative conductivity at 300K for composite samples 3 (SiC 5%,EP 
30%), sample 11(SiC 0%, EP 46%) and sample 12 (SiC 0%, EP 30%) 
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Figure 15. Gaseous thermal conductivity of composite samples 1, 3 and 5 as a function of gas 
pressure and pore size 
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Figure 16. Variation of centre of panel thermal conductivity, combined thermal conductivity 
at atmospheric pressure, radiative conductivity at 300K and gaseous thermal conductivity at 1 
mbar pressure for sample 1, 3 and 5 
 
Figure 17. Variation of centre of panel thermal conductivity of composite samples 3 with 
pressure 
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Table 1. Composition of commercial expanded perlite 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chemical constituent  Mass ratio (%) 
Silica (SiO2) 73 
Aluminium (Al2O3) 15 
Potassium (K20)     5 
Sodium (Na20 ) 3 
Calcium & Magnesium  
(Ca0 + MgO) 
1 
Iron (Fe203) 2 
Others             1 
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Table 2.Composite samples and respective ratios of different constituents 
 
 
 
Table 3. Pore size and bulk density results of composite samples 1, 3, 5 and 6 using MIP 
 
 
 
 
Sample 
Composition (mass %) 
Fumed Silica 
(FS)  
Expanded Perlite 
(EP)  
Silicon Carbide 
(SiC)  
Polyester Fibre 
(PF) 
1 80 0 12 8 
2 60 20 12 8 
3 50 30 12 8 
4 40 40 12 8 
5 20 60 12 8 
6 58 30 12 0 
7 57 30 5 8 
8 52 30 10 8 
9 47 30 15 8 
10 57 20 15 8 
11 46 46 0 8 
12 62 30 0 8 
Sample Total intrusion 
volume (V) 
× 10-6 (m3g-1) 
Total pore area 
(A)  
(m2g-1) 
 Average pore 
diameter (4V/A)  
× 10-6 (m) 
Porosity  
(%) 
Bulk 
density 
(kgm-3) 
1 13.232 182.404  0.290 90 69 
3  4.946 128.008  0.155 83 167 
5 3.790 77.271  0.196 83 220 
6 5.199 149.852  0.139 85 164 
24 
 
 
Table 4. Pore volume, surface area and pore radius results of sample 1 and 3 from N2 sorption 
method  
 
 
 
 
 
 
 
 
 
 
Table 5. Market prices of various materials used for cost estimation 
 Sample 1                                       Sample 3 
Pore volume (cm3g-1) 0.731 0.393 
BJH Surface area (m2g-1) 152.116 76.765 
Pore radius (A°) 17.012 15.262 
Material                                                       Price (£/kg) 
FS 3.50 
EP 0.27 
SiC 1.58 
PF 4.60 
